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INTRODUCTION
Phosphorus (P) is one of the essential major nutrients for plants. Phosphate rock has played an important role in agriculture since the beginning of the 20th century. The global demands for P fertilizer are expected to increase 51-86% in croplands by 2050, especially in developing regions. However, phosphate rock is a finite resource, and the high-quality phosphate rock reserves may be depleted in 300-400 years (van Kauwenbergh 2010; Mogollón et al. 2018) . A large portion of soluble phosphate applied to soil as chemical fertilizer is immobilized soon after application and becomes unavailable to plants (Sharma et al. 2013) , resulting in P surplus in some arable soils. Microorganisms play significant roles in the natural P cycle (Alori, Glick and Babalola 2017; Greiner 2017; Hsu et al. 2018) . The insoluble forms of P, such as tricalcium phosphate [Ca 3 (PO 4 ) 2 ], aluminum phosphate (AlPO 4 ) and iron phosphate (FePO 4 ), may be converted to soluble P by phosphate solubilizing bacteria (PSBs), which inhabit the soil or the rhizosphere (Rodríguez and Fraga 1999; Sharma et al. 2013; Alori, Glick and Babalola 2017) . Among the PSBs, strains affiliated to bacterial genera such as Arthrobacter, Rhodococcus, Gordonia, Streptomyces, Bacillus, Pseudomonas, Azotobacter and Micromonospora have been frequently isolated under lab conditions (Rodríguez and Fraga 1999; Reyes, Valery and Valduz 2006; El-Tarabily, Nassar and Sivasithamparam 2008; Oliveira et al. 2008; Yu et al. 2011; Kumar et al. 2012; Palaniyandi et al. 2013; Sharma et al. 2013; Jog et al. 2014; Alori, Glick and Babalola 2017) . Greenhouse and field experiments have indicated that PSB inoculations promote plant growth in P-deficient soils, thus suggesting their potential as novel biofertilizers to meet challenges of food security, especially considering the limitations of chemical fertilizers in furthering yield increases (Khan, Zaidi and Wani 2007; Sharma et al. 2013; Jog et al. 2014; Viruel et al. 2014) . However, the effects of PSBs on plant productivity have been indicated to be variable under field conditions. Several biotic and abiotic factors may influence the activities and functions of PSBs as well as their effects on plant growth (Sharma et al. 2013; Alori, Glick and Babalola 2017) . Understanding the ecology of PSBs supports the development of effective strategies to harness their potential for increasing plant productivity.
PSBs solubilize mineral phosphates primarily through the secretion of various organic acids such as citric acid, gluconic acid, lactic acid, malic acid, oxalic acid, propionic acid and succinic acid (Khan, Zaidi and Wani 2007; Sharma et al. 2013; Alori, Glick and Babalola 2017) , which vary in numbers of carboxy groups, hydroxy groups and carbon-carbon double bonds. In bacterial cells, the physical and chemical components involved in the biosynthesis and release of organic acids are very complicated, and require not only enzymes for biosynthesis of organic acids but also transporters facilitating the polar acids to cross the cytoplasmic membrane bilayer. Unlike many molecular tools available for bacterial nitrogen cycling studies, to the best of our knowledge, specific molecular tools for studying populations of PSBs in environmental samples are still unavailable due to a lack of targeted genes.
The prevalence of PSBs in the rhizosphere is likely attributed to the regular availability of nutrients from host plants (Reyes, Valery and Valduz 2006; Chaparro et al. 2012; Ahkami et al. 2017) . Thus, determining the diversity and abundance of PSBs in the rhizosphere is important for understanding their ecology. Previous research has indicated that numerous factors, such as plant species, growth stages, soil types and agricultural management practices, influence rhizospheric bacterial communities (Wieland, Neumann and Backhaus 2001; Marschner, Crowley and Yang 2004; Berg and Smalla 2009; Chaparro, Badri and Vivanco 2014) . The quantity and composition of root exudates are known to drive shifts in rhizospheric bacterial communities (Bais et al. 2006; Dennis, Miller and Hirsch 2010; Huang et al. 2014) . Fast-growing microorganisms with r-strategy, such as Proteobacteria, possibly fluctuate opportunistically (Fierer, Bradford and Jackson 2007) or selectively (Berendsen, Pieterse and Bakker 2012) in the rhizosphere. Frequently, genera such as Sphingobium, Burkholderia, Pseudomonas, Rhizobium and Enterobacter were dominant in the rhizosphere. Strains from these genera are also among the most powerful phosphate solubilizers (Oliveira et al. 2008; Kumar et al. 2012) . Most P absorption in Solanum plants likely occurs during the flowering and fruiting stages (Arnon, Stout and Sipos 2004) , suggesting a high requirement for P during reproduction. Considering the co-evolution between plants and microorganisms, it is likely that sophisticated mechanisms to recruit PSBs to enhance P acquisition evolved as a selective advantage. Unlike the natural ecosystems, several agricultural managements such as fertilization, irrigation and tillage as well as farming systems drove shifts in soil bacterial communities, which may further shape rhizospheric bacterial community of crops (Berg and Smalla 2009 ). Therefore, we hypothesize that both plant development and farming systems synergistically shape the diversity and abundance of PSBs.
In the present study, the diversity of PSBs in the rhizosphere of eggplant (Solanum melongena L.) cultivated in organic, integrated and conventional farming systems was compared for their taxonomic compositions, in vivo phosphate solubilization abilities and dynamics over different development stages. Since 2002, all three farming systems have been under the same schemes regarding crop rotation, irrigation and tillage, but different fertilization and plant protection schemes. Methodologies such as selective culture, in vivo phosphate solubilization, molecular fingerprinting, high-throughput sequencing of 16S rRNA amplicons and pangenome analyses were integrated to explore diversity, abundance and community structure of PSBs at seedling, vegetative, flowering and fruiting stages. Additionally, bulk soil samples from the same experiment at these stages were also analyzed. This study provides insights into the complex interactions among farming systems, plant development and rhizosphere microbiomes.
MATERIALS AND METHODS

Experimental design and sampling
A long-term greenhouse experiment was set up in 2002 at the Quzhou experimental station (36 • 52 N, 115
• 01 E), Hebei Province, China. The region is in a continental temperate monsoon zone, with an average multiannual temperature of 13.2
The soil type is classified as silt loam. It was characterized by organic, integrated and conventional farming systems. Details regarding the experiment have been described previously (Han et al. 2017) . Briefly, all farming systems followed the same schemes of crop rotation, irrigation and tillage. The organic farming system was characterized by application of compost from chicken and cow manure as well as biological and physical methods of plant protection. The conventional farming system followed the local farming style for greenhouse vegetable production and used chemical fertilizers and pesticides, and small quantities of pig manure. The integrated farming system used half of the amount of chemical fertilizers and pesticides used in the conventional farming system and half of the amount of organic fertilizers used in the organic farming system. Bulk soil and rhizosphere samples with five replicates per treatment were selected for seedling, vegetative, flowering and fruiting stages in 2015. Each bulk soil sample consisted of 15 cores (2 cm in diameter) of soil with a depth of 1-20 cm between two plants (∼20 cm). All bulk soils were passed through a 2-mm mesh to remove stones and plant debris. Each rhizosphere sample consisted of root systems from 10 individual plants. Whole root systems were collected during the seedling stage and partial root systems at the other three growth stages. All samples were brought to the lab in a cooling box (∼4
• C). Rhizosphere samples were collected by vigorous washing from ∼10-20 g of root samples three times with a total of 10 volumes of (v/w) 0.85% NaCl solution (Barillot et al. 2013) . After removing the root systems, 1 mL of the mixture was immediately used for PSB isolation, and the rest was centrifuged at 6000g for 5 min to collect the pellet for DNA extraction. All samples were kept at -20
• C prior to DNA extraction.
Selective culture, in vivo phosphate solubilization activities, BOX-PCR, 16S rRNA sequencing and pangenome analyses of PSBs
Both bulk soil and rhizosphere samples were subject to serial dilution with 0.85% NaCl aqueous solution. PSBs were isolated with the NBRIY medium (Nautiyal 1999) containing 100 mg/L cycloheximide to inhibit fungal growth. After incubation at 30
• C for 5-14 days, approximately 50-100 colonies were collected for each treatment. Genomic DNA of all PSBs was extracted with the bacterial genomic DNA extraction kit (Beijing Biomed Co., Ltd) according to manufacturer's instructions. BOX-PCR analysis was performed according to previous descriptions (Adesina et al. 2007 ). Molecular fingerprints were analyzed by GelCompar 4.5 (Applied Maths, Kortrijk, Belgium). Bacteria were assigned to different BOX-PCR groups when their profile similarity was <80% (Heuer et al. 2007) . To further check their abilities on phosphate solubilization, representative isolates of each BOX-PCR pattern were randomly selected and their ability to solubilize phosphate was studied according to Zheng et al. (2018) using a modified Pikovskaya (PVK) broth without yeast extract (Nautiyal 1999) . After a cultivation of 48 h at 30 • C, 160 r.p.m., the broth was centrifuged at 6000g for 5 min to obtain supernatants. The concentration of phosphate in supernatants was analyzed with a spectrophotometer (UV1600, Shanghai Mapada Instruments Co., Ltd, China) at 660 nm wavelength. Five bottles of PVK broth without bacterial inoculation were used as a control. Based on the ratio of concentration of phosphate between representative isolates and the control, the studied PSBs were categorized into five classes [none: -1 < log2 (ratio) < 1; weak: 1 < log2 (ratio) < 3; medium: 3 < log2 (ratio) < 5; strong: 5 < log2 (ratio) < 7; very strong: 7 < log2 (ratio) < 10]. The 16S rRNA gene of each representative isolate was amplified with primers 27F (5 -AGAGTTTGATCATGGCTCAG-3 ) and 1492R (5 -TACGGTTACCTGTTACGACTT-3 ) (Suzuki and Giovannoni 1996) and were purified by E.Z.N.A. R Gel Extraction Kit (Omega Bio-Tek) and the purified product was analyzed by bidirectional Sanger sequencing (Sangon Biotech Shanghai Co., Ltd) .
To acquire a comprehensive understanding of the genetic traits, genomic DNA of the PSBs isolated from the rhizosphere or soil of each farming system was pooled to conduct sequencing analysis using the Illumina HiSeq 2500 platform (Illumina, Inc.). Contigs were performed with the software Short Oligonucleotide Analysis Package (SOAP) (Li et al. 2008 (Li et al. , 2009 ). Open reading frames were predicted with the software GeneMak (Baralis et al. 2007) . Annotation of putative genes to KEGG orthology and gene orthology was performed with a standalone BLASTP analysis against the database downloaded from Uniport (https: //www.uniprot.org/). Based on gene predictions, the reads per kilobase per million mapped reads (RPKM) of each gene was calculated using a conjunction of Burrows-Wheeler aligner alignment (Li and Durbin 2010) and HTS (v 0.9) packages (Callari et al. 2018) . The abundances of genes associated with different pathways from the Kyoto encyclopedia of genes and genomes were calculated based the RPKM and gene annotations. All tools mentioned above were integrated into a galaxy instance (www.free bioinfo.org).
High-throughput sequencing analysis of bacterial 16S rRNA gene amplicons
Total community DNA was extracted with a FastDNA spin kit for soil (MP, Biomedicals, Santa Ana, Carlsbad, CA, USA) using 0.5 g of soil or rhizosphere samples according to the manufacturer's instructions. Fragments of 16S rRNA gene were amplified from total community DNA with universal primers 515F (5'-GTGCCAGCMGCCGCGGTAA-3') and 909R (5'-CCCCGYCAATTCMTTTRAGT-3') with a 12 nt unique barcode for each sample (Caporaso et al. 2010) . A mixture of gelpurified PCR product was prepared with equal molar quantity for each sample. Sequencing was performed with the Illumina Miseq platform. All sequence reads were assigned to samples based on barcodes and primer sequences. Technical regions of each read were removed. Only sequences with high quality (length >300 bp, without ambiguous base 'N', and an average base quality score >30) were used for downstream analyses. Chimera sequences were removed jointly by a standalone BLASTN analysis based on SILVA bacterial database V132 (Pruesse et al. 2007 ) and ChimeraSlayer analysis (Haas et al. 2011) . The operational taxonomic unit (OTU) was assigned with software QIIME 1.9 (Caporaso et al. 2010) . Classification of representative sequences of each OTU (>97% sequence identity) was performed with the RDP MultiClassifier using the trainset 16 (Wang et al. 2007 ). Comparisons of community composition and identification of responding taxa were performed according to previous descriptions (Ding, Heuer and Smalla 2012) . Variation within community composition was partitioned according to farming systems and plant developmental stages using R with a package 'vegan' (Oksanen et al. 2018) . Positive cooccurrence between different genera was identified with a significant (P < 0.001) positive Spearman's correlation coefficient (>0.6) (Barberán et al. 2011) . Network analysis was performed to detect bacterial modules using the software gephi (version 0.91) (Bastian, Heymann and Jacomy 2009) . Fragments between 515F and 909R of 16S rRNA gene amplified from PSB-genomic DNA were selected to estimate their abundances in the rhizosphere or soil samples. Unique fragment of PSBs retrieved by the software VSEARCH (Rognes et al. 2016) were subjected to the following analysis. A standalone BLASTN analysis was performed to identify 16S rRNA genes that shared high similarity (>99% identity) with the PSB isolates from the metagenomic library. All statistical analyses were performed with the software R 3.1.2 (http://www.r-project.org/). All tools were incorporated into the galaxy instance mentioned above according to the description of the galaxy developing team (https://ga laxyproject.org/). All sequences were submitted to the NCBI SRA (PRJNA497845).
RESULTS
Diversity of PSBs in plant development stages and farming systems
PSBs were isolated from both bulk soil and rhizosphere at the four growing stages (seedling, vegetative, flowering and fruiting) under three farming systems. A total of 1214 bacterial isolates were acquired with an average of 50 isolates per treatment per sampling. The BOX-PCR analysis assigned these isolates to 377 patterns and only a small fraction (<26%) was shared between the different samples (supplementary Fig. S1 available online). Among these, pattern 46 (99% similarity with 16S rRNA gene of Bacillus licheniformis CP000002) was most frequently isolated from 9 out of 12 bulk soils (supplementary Fig. S2 available online). However, other BOX-PCR patterns with the most frequently isolated PSB for each treatment at each sampling time varied between the farming systems and sampling times (supplementary Fig. S2 available online) . Bidirectional Sanger sequencing of the 16S rRNA gene of each representative pattern further indicated that the majority of the PSBs were affiliated to genera such as Bacillus, Rhizobium, Enterobacter, Ensifer, Pandoraea, Solibacillus, Pseudomonas, Erwinia and Acinetobacter (Fig. 1A) . The relative abundance of Bacillus was higher in soils than in the rhizosphere except for T1Int and T2Org (Fig. 1A) . Enterobacter accounted for >29% of the PSBs isolated from the rhizosphere at the fruiting stages (Fig. 1A) . Variations in PSB composition were greater in the rhizosphere than those in the soils, especially for the conventional farming (Fig. 1A) . Difference in the PSB compositions was observed between the soil and the rhizosphere for all four plant growth stages; however, the difference was inconsistent (Fig. 1A) .
Forty two, 48, 71 and 139 representative isolates were categorized as very strong, strong, medium and weak on phosphate solubilization, respectively; 77 isolates grew in the PVK broth but demonstrated no in vivo phosphate solubilization activities. These representative isolates with in vivo phosphate solubilization activities correspond to 84.7% of isolates by the NBRIY medium (Fig. 1B) . The relative abundance of isolates with no in vivo phosphate solubilization activities was greater (>29%) in the soil at the seedling stage than other samples (Fig. 1B) . The relative abundance of isolates with very strong and strong in vivo phosphate solubilization activities was greater (50%) in the rhizosphere samples at the fruiting stage (Fig. 1B) . Interestingly, Enterobacter accounted for 43.5%, 17.6%, 5.6% and 2.4% of isolates with very strong, strong, medium and weak in vivo phosphate solubilization activities, respectively (Fig. 1C) , while the opposite trend was observed for Bacillus, which accounted for 7.9% and 13.5% isolates with very strong and strong in vivo phosphate solubilization activities (Fig. 1C) . Most of the isolates identified as Bacillus showed only weak to no phosphate solubilizing activities (Fig. 1C ). These results demonstrate that PSB populations in the soil and rhizosphere were highly dynamic and responded to both farming systems and plant development stages, with an enrichment of strong PSBs affiliated to Enterobacter at the stage of fruiting.
Effects of plant development and farming systems on the bacterial community
A total of 120 samples were analyzed by 16S rRNA amplicon sequencing. More than 1.05 million high-quality reads were acquired with a range of 1386 to 17 806 reads per sample (supplementary Table S1 available online). Proteobacteria, Bacteroidetes, Actinobacteria, Acidobacteria, Firmicutes, Planctomycetes, Chloroflexi and Cyanobacteria were the most frequently detected phyla (Fig. 2A) . The relative abundance of Thaumarchaeota ranged from 0.50% to 23.6% with a higher abundance in soil than in the rhizosphere (Fig. 2A) . In general, phylum compositions were largely stable and comparable among different soil samples ( Fig. 2A) . Regarding the rhizosphere, Proteobacteria abundance increased significantly at the flowering and fruiting stages ( Fig. 2A) .
As expected, the structure of the bacterial community differed between the soil and the rhizosphere for the four growth stages (supplementary Fig. S3 available online) . Shifts in bacterial communities over time were detected for both soil and rhizosphere ( Fig. 2B and C) . The bacterial communities in soil samples differed across the farming systems and plant growth stages (Fig. 2B) . In contrast, bacterial communities were mainly grouped according to sampling time for rhizosphere samples (Fig. 2C) . Separate groups between conventional and other farming systems were mainly observed at the seedling and vegetative stages, suggesting a stronger effect of the farming system . Structure and diversity of microbial communities in bulk soil and rhizosphere of eggplant under organic (Org), integrated (Int) and conventional (Con) farming systems at T1 (seedling), T2 (vegetative), T3 (flowering) and T4 (fruiting) stages. (A) Relative abundances of phyla, (B) non-metric multi-dimensional scaling ordination for beta-diversity of bulk soil and (C) rhizosphere under different farming systems and growth stages is indicated by different shapes (triangle for conventional farming system, square for integrated farming system and circle for organic farming system) and colors (pink for T1, green for T2, blue for T3 and dark yellow for T4). (D) Species richness index and (E) Evenness index.
at the early stages but not during flowering and fruiting (Fig.  2C) . The variation partition analysis indicated that the sampling time and farming system explained 14% and 23% variation in the soil community, respectively. Plant development explained 66% of the total variation in the rhizosphere community, while the farming system only explained 6%. The redundancy analysis indicated that the farming system explained 55.8%, 26.3% and 16.4% of the total variation in the rhizosphere community at seedling, vegetative growth and flowering stages, respectively, but no significant effects at fruiting. Chao1 (Fig. 2D ) and Pielous's evenness (Fig. 2E) indices were selected to compare the alphadiversity and were calculated by randomly sampling equal number of reads for 100 times. No significant differences in the richness and evenness were observed between farming systems in both rhizosphere and bulk soils ( Fig. 2D and E) . Compared with other rhizosphere samples, decreases in richness and evenness were mainly detected at stages of flowering and fruiting except for the conventional farming system at the seedling stage ( Fig.  2D and E) .
The co-occurrence network analysis may help decipher the complex structure of bacterial communities and their potential interactions. Using this analytical approach, five bacterial hubs were identified, of which three (cyan, light green and dark green) were associated with the rhizosphere (Fig. 3A) . The biggest hub mainly comprised genera such as Nitrososphaera, Acidobacteria Gp6, Ohtaekwangia, Steroidobacter, Blastopirellula, Gaiella, Terrimonas and Bacillus (Fig. 3A) . The biggest rhizospheric hub, consisting of Flavobacterium, Pseudomonas, Aeromonas, Buttiauxella, Shewanella and Sphingobium, was enriched in the rhizosphere during the flowering and fruiting stages (Fig. 3B) . The second largest rhizospheric hub comprised Burkholderia, Arthrobacter, Pedobacter and Streptomyces and it was mainly detected in seedling and vegetative stages (Fig. 3B) . Acinetobacter and Pectobacterium formed a hub that was enriched opportunistically in a few rhizosphere samples from the integrated and organic farming systems at the fruiting stage (Fig. 3B ). Another hub with Pontibacter, Luteimonas, Petrimonas, Gelidibacter and Aequorivita was mainly detected in the soil of conventional farming at the seedling stage (Fig. 3B) .
Selective culture and metagenomic analysis to study PSB enrichment
Due to analytical constraints of cultivation-dependent methods, only 1214 PSBs were analyzed for both rhizosphere and soil samples from the four plant growth stages across the three farming systems. In consideration of huge diversity and abundance of bacteria in soil or rhizosphere, the number of isolates was limited in their ability to understand the dynamics of PSBs associated with different taxonomic groups in different farming systems or plant development stages. To address this limitation, selective culture was integrated with highthroughput sequencing analysis by extracting 16S rRNA gene sequences of potential PSBs from the library. A total of 310 BOX-PCR patterns contained regions of both primers (515F and 909R), while others contained only a single or no region due to lack of enough sequence lengths. Subsequences within the range between 515F and 909R of these 310 sequences could be assigned to 206 unique phylotypes. These unique sequences were mapped against the metagenomic libraries. A total of 94 247 reads, accounting for 8.9% of the metagenomic library, were retrieved for 182 phylotypes corresponding to 286 BOX-PCR patterns. No reads were mapped for the remaining 24 phylotypes and were unlikely to be attributed to primer regions as the same primer sequences were shared between the mapped and unmapped phylotypes (supplementary Fig. S4 available online) . Representative isolates of 241 BOX-PCR patterns demonstrated in vivo phosphate solubilization activities and they corresponded to 89 102 reads.
To evaluate their abundances in different samples, the read number of each mapped PSB was divided by the total read number in each metagenomics library. In general, the abundance of PSBs was much greater in the rhizosphere than in the soils (0.6-1.9%), especially at the flowering and fruiting stages (13-43.8%) (Fig. 4A) . The majority of mapped PSBs only demonstrated weak in vivo phosphate solubilization activities (Fig. 4A) . Again, the relative abundance of sequences corresponding to PSB with very strong and strong in vivo phosphate solubilization activities were greater in the rhizosphere at the stage of fruiting (Fig. 4A) . These results suggested that eggplant may recruit PSBs at these stages. Analysis of composition of the PSBs acquired from the metagenomic library indicated that relative abundances of Bacillus and Enterobacter were lower than selective culture (Fig. 1A) , while those of Pseudomonas and Aeromonas were higher (Fig. 4B) . Increased abundance of Enterobacter was observed during fruiting (Fig. 4B) . The beta-diversity analysis based on the Bray-Curtis pairwise distance suggested that the community composition of PSBs in the rhizosphere at flowering and fruiting stages was different from other stages and bulk soils (Fig. 4C) . The rhizospheric PSB communities at seedling and vegetative stages were more like those in the bulk soils (Fig. 4C) . No clear influence of farming systems on the beta-diversity was observed (Fig. 4C) . A decrease in alpha-diversity (Chao1) was also detected for rhizosphere at the flowering and fruiting stages, but not for the seedling and vegetative stages (Fig. 4D) . However, farming systems did not affect the alpha-diversity of the PSBs (Fig. 4D) . In summary, in terms of abundance, alpha-diversity and beta-diversity, the PSBs significantly responded to plant development changes at the flowering and fruiting stages.
Pangenome analysis of rhizosphere and soil PSBs
Rhizospheric bacteria have evolved several molecular mechanisms to sense and respond to plant signals. For a comprehensive understanding of their genetic traits, the genomic DNA of PSBs from the rhizosphere or soil of each farming system was pooled for the pangenome analysis. A total of 97.6 Gb of sequences was acquired from the six libraries (14.4-17.2 Gb per library) and subsequently assembled into 108 178 contigs (>1000 bp). The majority of 16S rRNA genes retrieved from the pangenome were affiliated to Bacillus, Enterobacter, Pseudomonas, Ensifer and Rhizobium (Fig. 5A) , partially confirming the results from the Sanger sequencing analysis. A total of 397 730 putative coding sequences were detected. The gene composition between the rhizosphere and soils was different (Fig. 5B) , with a higher diversity in the rhizosphere (Fig. 5C ). Two-component regulatory systems (BaeS-R, BarA-UvrY, CitA-B, CusS-R, DcuS-R, GlrK-R, WspE-RF, QseC-B, RcsC-D-B and SaeS-R) , transport systems for monosaccharides (mannose, beta-glucoside and glucose), amino acids (arginine, glutamine and lysine), urea, Type II secretion systems and efflux pumps (MexJL-OprM, OqxAB and SmeABC) involved in multiple drug resistance were detected more frequently in the PSBs in rhizospheres than in soils (Fig.  5D ). In contrast, other two-component systems (VanS-R, BceS-R, CssS-R, PdtaS-R and GlnK-L), transport systems (ABC-2 type, acetoin, bacitracin, glucose, fructose, lysine, raffinose, starchyose, , integrated (Int) and conventional (Con) farming systems at T1 (seedling), T2 (vegetative), T3 (flowering) and T4 (fruiting) stages as indicated by the co-occurrence network analysis. Each color stands for a different microbial hub and connections indicate significant (P < 0.001, Spearman's rank correlation coefficient >0.6) co-occurrence between the taxa. melibiose, N,N -diacetylchitobiose and cellobiose) and antibiotic resistance systems (norA, beta-lactam and vancomycine) were more prevalent in the PSBs in soils (Fig. 5D) . Prevalence of transport systems for saccharides highlights the importance of competing for hydrolysates of polysaccharides in soil PSBs.
DISCUSSION
P is an essential nutrient for plants, although inorganic and organic P are often abundant in soils. PSBs convert the insoluble forms of P into soluble P that can be absorbed by crops. This study was based on a long-term (17 years) greenhouse experiment conducted under the same crop rotation, irrigation and tillage conditions, but different fertilization, plant protection and weeding schemes. Significant changes in the soil physicochemical properties (Han et al. 2017) and bacterial communities were detected after long-term organic farming. In this study, the PSBs and the total bacterial community in the rhizosphere of eggplants were characterized at seedling, vegetative, flowering and fruiting stages using an integrated approach of selective culture, molecular fingerprinting, metagenomic and pangenome analyses. This experiment allowed assessment of the degree of influence of both farming systems and plant development stages on the diversity of PSBs in the rhizosphere of eggplant.
Farming systems and plant development stages synergistically shaped rhizospheric bacterial communities of eggplant
Rhizospheric bacterial diversity is influenced by physicochemical properties of the rhizosphere, some of which are affected by soil characteristics and plant development stages. The effects of soil type on the rhizospheric bacterial community structure have been reported for cucumber, barley, chickpea and canola (Araújo da Silva et al. 2003; Marschner, Crowley and Yang 2004; Berg and Smalla 2009 ), but not for eggplant. This study provided the first baseline data on rhizosphere community of eggplant. Long-term organic farming could affect soil bacterial communities as well as the soil physicochemical properties (Mäder et al. 2002; Gattinger et al. 2012; Hartmann et al. 2014) . Changes in soil, such as those related to bacterial communities or physicochemical properties, may lead to alterations in biogeochemical properties and bacterial assemblages of the rhizosphere (Berg and Smalla 2009 ). However, short-term organic farming did not affect the rhizospheric bacterial community of maize (Buckley and Schmidt 2001; Peiffer et al. 2013) . The extent of alternation in soil caused by different farming systems may be key to understanding their effects on the rhizospheric bacterial communities. In addition, plant development is another important factor influencing the bacterial community structure in the rhizosphere. In this study, shifts in rhizospheric communities during different plant growth stages were observed as expected. Several studies have reported that changes in the plant development affected the structure of rhizosphere bacterial communities in plants such as Arabidopsis, strawberry, maize, soybean and Medicago truncatula (Baudoin, 2009; Chaparro, Badri and Vivanco 2014) . Significant shifts in the rhizosphere bacterial communities at the flowering stage have been detected for several crops such as oilseed rape and maize (Smalla et al. 2001; Wang et al. 2017; Zimudzi et al. 2018) . Such changes have been attributed to alternations in the quantity content and composition of root exudates secreted by the plants (Shirley, Michael and Carmona 2009) . Recently, Chaparro, Badri and Vivanco (2014) reported that significantly more transcripts of rhizosphere microbiomes were expressed at late developmental stages of Arabidopsis, suggesting a strong selection for functional populations at the flowering than the seedling stage. Overall, the rhizospheric bacterial communities were shaped synergistically by soils and the development stages of eggplant. Additionally, the effects of soils on the rhizospheric bacterial communities were stronger during the early stages. Therefore, engineering soil and rhizospheric bacterial diversity has been proposed as an approach to meet the challenges of food security and environmental sustainability (Bender et al. 2016) . The findings of this study suggest that rhizospheric bacterial communities of plants are likely to be engineered at early stages of their life cycle.
Recruitment of PSBs at flowering and fruiting stages and its implications on deciphering rhizospheric bacterial community
In this study, selective cultivation and metagenomic approaches were integrated to explore the dynamics and diversity of PSB populations present in the rhizosphere of eggplant during its growing stages. The results of this study demonstrated that the abundance of PSBs increased and the community composition changed in the rhizosphere during the flowering and fruiting stages. The majority of enriched PSBs were affiliated to Enterobacter by selective culture, and high-throughput sequencing analysis also suggested its enrichment. Strains of this genera have been reported as powerful phosphate solubilizers (Khan, Zaidi and Wani 2007) . Bacterial inoculations of Enterobacter PSBs have been reported to promote the growth of several plants such as winter wheat (Kämpfer, Ruppel and Remus 2005) , rice (Souza, Ambrosini and Passaglia 2015) and maize (Babalola et al. 2003; Jha 2012; Ogbo and Okonkwo 2012) . Prevalence of Enterobacter in the rhizosphere of alfalfa (Medicago sativa) was also reported by Richardson et al. (2009) . Thus, it is likely that the Enterobacter PSBs are ubiquitously present in the rhizospheres of several crops. These results suggested that eggplant may recruit PSBs to enhance P-acquisition to meet the high P requirements during flowering and fruiting. However, these findings seem to conflict with other studies on suitable fertilization methods which have reported that a lack of P at early development stages frequently leads to significant loss of wheat (Römer and Schilling 1986) and cucumber (Liang et al. 2015) . A plant physiology study has indicated that a large amount of P uptake by eggplant occurs during the flowering and fruiting stages (Arnon, Stout and Sipos 2004) . From the aspect of PSBs, in vivo phosphate solubilization studies indicated that all isolated PSBs could use Ca 3 (PO 4 ) 2 for growth but 15.3% did not solubilize phosphate into broth. A large proportion of PSBs with very strong in vivo phosphate solubilization activities were affiliated to Enterobacter, suggesting that they may play an important role in phosphate solubilization in the rhizosphere of eggplants. However, further studies are still needed to quantify their phosphate solubilization activities in the rhizosphere. Taken together, our findings highlight that the nutrient demands of plants may be one of the driving forces shaping rhizospheric bacterial communities and selecting for altruistic microorganisms.
Genetic traits of PSBs associated with adaptation in rhizosphere and soil
The above studies indicated that the taxonomic composition of PSBs varied between soil and rhizosphere, possibly due to different mechanisms to adapt to the habitats. To gain a view of the skeleton of their functional potential, we pooled all these isolates for pangenome analysis. The results indicated that the genetic diversity of the PSBs differed between the soil and rhizosphere, which agrees with the assumption that plants can select microorganisms with different functions (Chaparro, Badri and Vivanco 2014) . The genetic traits of the two-component and transporter systems differed between the rhizosphere and soil PSBs and indicated that the competence for small molecular carbons such as monosaccharides was critical for rhizosphere PSBs, while the ability to utilize hydrolysates of polysaccharides was important for soil PSBs. Previous studies have indicated that monosaccharides, amino acids (such as arginine, asparagine, aspartic, cysteine) and two to six carbon organic acids (such as acetic, ascorbic, malic acids) were the major components of root exudates of winter wheat, maize, legume and alfalfa (Dakora and Phillips 2002; Bertin, Yang and Weston 2003; Broeckling et al. 2007) . Plants fuel soil microorganisms by root exudates or its debris, which are composed of polysaccharides such as cellulose and lignin and other organic matter. Lignocellulosic materials are degraded by fungi and bacteria through a battery of extracellular hydrolases that can break the macromolecule into simple carbons such as cellobiose or cello-oligosaccharides (Baldrian and Valášková 2008) . Recently, Delgado-Baquerizo et al (2018) reported that plant productivity was consistently the best predictor of dominant bacterial phylotypes across the globe. Moreover, both rhizosphere and soil PSBs were equipped with genes coding for antibiotic resistance. Similar findings were also reported in several other studies (Forsberg et al. 2012; Chen et al. 2017; Cui et al. 2018) , suggesting that both rhizosphere and soil are arenas where microorganisms fight against each other. In this study, the genomic DNA of isolates sampled from rhizosphere or soil of each farming system was pooled. Therefore, the current approach of pangenome analysis is still limited regarding elucidating the dynamics of functional changes in PSBs during plant development or in response to different farming systems. Further studies focusing on individual PSB isolates and direct metagenomic analysis may provide more relevant insights.
CONCLUSIONS
This study indicated that the rhizospheric bacterial structure of eggplant was susceptible to farming strategies during early stages of its life cycle and was largely shaped by plant development stages during late stages of its lifecycle. Eggplant recruited Enterobacter PSBs during fruiting stages, thus highlighting that the nutrient demands of the plant were a driving force influencing the rhizospheric bacterial community.
